INTRODUCTION
One of serious deteriorations in concrete structures can be attributed to corrosion of reinforcement. For making decision on maintenance and repair in reinforcement concrete, identification of cracking mechanisms due to corrosion is significantly important. Expansion caused by corrosion product generates cracking, of which mechanisms are investigated analytically by boundary element method (BEM) 1.
The effect of cracks on structural integrity is closely dependent on the location and the orientation of cracks. For example, initiation of tensile cracks perpendicular to the reinforcement is not as critical as diagonal shear cracks. The classification of crack types and the determination of crack orientations can be kinematically conducted by acoustic emission (AE) 2 3 in addition to the locations. To decide repair works and to prevent impending failure, quantitative techniques for identification of cracking mechanisms due to corrosion is in practical demand. In the case of chloride-induced corrosion 4 it is reported that corrosion cracking can be detected by AE technique 5. In this paper, quantitative AE waveform analysis 3 is applied to corrosion cracking. This analysis gives information on crack types and orientations. Analytically, two-domain BEM is applied to predict crack extension 6. These two results are discussed to identify the cracking mechanisms due to corrosion.
EXPERIMENTS
Concrete specimens of dimension 25cm x 25cm x l0cm were cured in water for 28days in the standard room (20C) and tested at the age of 90days approximately. Concrete was made up of mixture as water (W): cement (C): sand (S): gravel (G)= 0.5:1.0:2.41:2.95 by weight as given in Table 1 . Fresh and mechanical properties are summarized in Tables 1 and 2 . Mechanical properties are obtained from cylindrical specimens of l0cm diameter and 20cm height at the age of 28days. Here, the tensile strength was obtained by the split test. P-wave velocity was applied to AE-SIGMA analysis. Young's modulus of elasticity, Poisson's ratio and critical stress intensity factor were employed in BEM analysis.
Cracks due to rebar corrosion in concrete are generated in the long process and very difficult to be examined in the short time in laboratory tests. Table 1 Mixture proportion and properties of fresh concrete Thus, to simulate corrosion cracking in concrete, hydrostatic pressure was introduced by employing expansive agent. To simulate corrosion cracking, dolomite paste as an expansive agent was inserted into a circular cavity of 3cm diameter in the specimen. AE events were detected by six-channel AE system. AE sensors (PAC, UT1000) were attached to the concrete specimen by using silicone grease as shown in Fig. 1 . AE waves were amplified by 50dB with a preamplifier (Pre-A), and waveforms and parameters of those waves exceeding the threshold level 50dB were recorded by LOCAN analyzer (PAC) and analyzed by TRA212-AE system (PAC). By employing SIGMA code', each AE source was classified into a tensile crack and a shear crack. Arrangement of AE sensors with AE system is shown in Fig.l .
From the previous study. typical crack patterns are identified around the reinforcement due to corrosion, which are reproduced by the expansive agent around the cavity as shown in Figs.2 and 3 . One is the surface crack, which propagates vertically to the surface in the region of concrete cover and is marked as Sv. Others are the spalling crack marked as Sc, the vertical crack marked as V, and the diagonal crack marked as D. In experiments, the effect of cover thickness was also investigated. Two specimens A-1 and A-2 with cover thicknesses 3cm and 8cm were prepared.
In specimen A-l, the spalling crack (Sc), the surface crack (Sv) and the diagonal crack (D) are observed after about 18hours elapsed as shown in Fig.2 .
In the case of cover thickness 8cm (specimen A-2), the surface crack (Sv), the diagonal crack (D), and the vertical crack (V) are observed as shown in Fig.3 . The spalling crack could be nucleated in the case of the surface crack being arrested by aggregate'. Here, the vertical crack is observed in specimen A-2 instead of the spalling crack. 
ANALYTICAL MODEL
Models for the spalling crack, the surface crack, the vertical crack and the diagonal crack are analyzed by BEM. Some of analytical models are shown in Figs. 4, 5 and 6. They are similar to the models previously studied 1 7 8. Applying the two-domain BEM, the crack is initially modeled by a straight interface between domain 1 and 2. The interface is prescribed by the initial point (I), which corresponds to the starting point of the observed crack in the experiment, and the termination point (T), which is assumed as close as to the final crack trace. To identify cracking mechanisms of each crack trace, the observed cracks in Figs. 2 and 3 are analyzed separately. This is because the order of crack nucleation is found in the previous study 1 The surface crack (Sv) is nucleated first, and then either the spalling crack (Sc) or the internal cracks of the diagonal (D) and the vertical crack (V) are generated. Thus, to analyze the latter three cracks, a half portion of the specimen is modeled as shown in Figs. 4, 5 and 6. As a result, the interaction with other cracks is neglected, as the central line of the specimen is replaced by the supporting boundary. In a similar manner, the surface crack is modeled as the same as is known to be minor', but the effect on pressure should be clarified and is under investigation. The stress intensity factors KI (mode I) and KII (mode II) at the crack tip are determined from Smith's one-point formulae 9 KI and KII are determined from relative displacements at the crack tip elements. At each step of the analysis, the stress intensity factors are computed from the displacements of the crack-tip elements. When a crack propagates, the node at the crack tip is separated into two nodes and creating two stress-free elements in the direction 6. The stitching interface is created, connecting the crack tip with the termination point. Thus, a new crack is created automatically in an arbitrary direction. The direction of the maximum tangential stress 6 is determined by the maximum circumferential stress by Erdogan-Sih criterion10) as,
From Egs. (1) and (2), contribution KI and KII to KIc can be obtained as the dimensionless stress intensity factors K1/K1 and K11/K11 1), where K1c is the critical stress intensity factor and was determined in the previously studies 12 By testing the same concrete mixture, it is found to be equal to 0.723MPa m1/2. The dimensionless stress intensity factors K1/K1c and K11/K1C with the variation of crack-propagation angle 0 are plotted in Fig.7 . These curves show that either mode I or mode II is dominant, depending on the crack-propagation angle 0. The mode I is dominant from 0=0 to 0=53 while mode II is dominant from 0=53 to 0=90 A relation between K1/K1c and K11/K1c is shown in Fig.8 . Thus, the summation of K1/K1c and K11/K1c is not necessarily equal to 1.0 as obtained and discussed later.
All boundary meshes are of 5mm long but of 5.9mm long on the cavity as the projection angle is set to 22.5. The effect of mesh sizes and the termination point on the numerical accuracy was previously studied 1 13 Based on these findings, the size of the mesh 5mm is selected in the present analysis. Because expansive agent was employed in the experiment, three types of expansive pressure are taken into consideration to simulate the expansion of corrosive products, which are uniform pressure, horizontal pressure and vertical pressure. Here, the horizontal is applied as just neglecting the vertical components of the uniform pressure. The vertical pressure is modeled as the other way.
4.
IDENTIFIED MECHANISMS OF CRACK PROPAGATION DUE TO CORROSION All AE sources analyzed by AE-SIGMA procedure are discussed in relation with the observed crack traces. These results are compared with those of BEM analysis. Thus, each crack observed is discussed one by one, as follows. 
Spalling crack (Sc)
The spalling crack (Sc) in specimen A-1 is analyzed. Under hydrostatic pressure distribution, crack trace analyzed by BEM is plotted along with the actual crack trace in the experiment in Fig.9 . Through cracking steps reasonable agreement between the actual crack trace in the experiment and that of BEM analysis is observed. It is noted that crack trace due to the uniform pressure is the closest to the actual trace in the experiment out of any other pressure distributions. This is probably because the corrosion product is simulated by expansive agent.
The dimensionless stress intensity factors K1/K1c and K11/K1c are calculated at each step of crack extension by substituting crack-propagation angles into Eq.(3). Results are given in Fig.10 .
The dimensionless stress intensity factors K1/K1c and K11/K1c are calculated at each step of crack extension by substituting crack-propagation angles into Eq.(3). Results are given in Fig.10 . In the previous report, just the ratios of KI to KII are discussed without taking into account the crack angle 0. In the present paper, the angle is taking into consideration. Thus contribution of mode I (KI/KIc) and mode II (KII/Kic) are clearly discriminated. In the beginning of crack extension, K1/K1c is nearly equal to 1.0, so the pure mode I fracture occurs. Although Kll/KIc increases gradually, tensile crack is always dominant.
According to AE-SIGMA analysis in Fig.11 , both tensile and shear cracks are observed. For shear cracks, directions of a crack vector and a crack normal are indicated by the cross symbol (x) at their locations. Tensile cracks are located at their locations with the crack-opening direction by the arrow symbol (H). It is observed that shear cracks are observed near the cavity. Tensile cracks are dominant, approaching the stress-free surface. Activity of these cracks is summarized in Fig.12 .
As can be seen in Fig.10 , at the middle stage of crack extension, contribution of KII increases which may correspond to the increase of shear creak in Fig.12 . In the middle of crack extension shear cracks are slightly active but then tensile cracks dominate again. From these results, it can be concluded that for propagation of the spalling crack (Sc), tensile cracks eventually dominate shear cracks.
Surface crack (Sv)
The surface crack (Sv) in specimen A-1 is analyzed with the stress free boundary condition at the cover concrete with half portion of the cavity The result of SIGMA analysis is given in Fig.15 . Vertical crack (V) The vertical crack (V) in specimen A-2 is analyzed with the stress free boundary condition at the cover thickness under three kinds of pressure distributions. Horizontal pressure distribution by BEM is plotted along with actual crack trace in Fig.17 . This is because the crack trace due to horizontal pressure is the closest to the actual traces. The dimensionless stress intensity factors K1/K1c and K11/K1c are calculated at each step of crack extension. The results are given in Fig.18 . During the crack extension, K1/K1c increases and K11/K1c decreases, although the mode II is quite active at the onset, compared with others. Because the number of AE events analyzed by SIGMA is few, no AE results are available for the vertical crack.
Diagonal crack (D)
The diagonal crack (D) in specimen A-1 is analyzed under three kinds of pressure distributions, simulating the crack extension after the surface crack. Crack trace due to uniform pressure in BEM is plotted along with actual crack trace in Fig.19 . The analyzed crack trace is reasonably close to the actual trace in the experiment. This suggests that mechanisms of crack extension for the diagonal crack are associated with uniform pressure.
The dimensionless stress intensity factors K1/K1c and K11/K1c are calculated at each step of crack extension. Results are given in Fig.20 . From the beginning of crack extension to the final, K1/K1c is nearly equal to 1.0, and so the mode I fracture is always dominant. Similar results are observed in the diagonal crack in specimen A-2.
According to SIGMA analysis in Fig.21 , tensile cracks and shear cracks are observed close to the diagonal crack (D). From Fig.22 , it is observed that tensile cracks are dominant to shear cracks. Thus, it is known that during extension of the diagonal crack, tensile cracks dominate shear cracks. Although the mechanism of the diagonal crack was concluded as mode II fracture in the previous study1, the mode I is actually dominant in the diagonal crack by taking into account the angle of crack orientation in Eq.(3). 
